Abstract -Railways have become the most popular means of public transportation in many countries around the world. Therefore, an investigation into the impact of design parameters affecting the overall behaviour of railway track foundations under train dynamic loading is necessary for optimum and reliable design. Railway track foundations consist of a graded layer of granular media of ballast and subballast, which is laid on a naturally deposited subgrade soil. Most available methods for design of ballasted railway track foundations assume linear elastic behaviour for track geomaterials. However, the resilient behaviour of track geomaterials, especially the ballast layer, is mostly non-linear and may incur plasticity, depending on the level of applied stress. In this paper, a sophisticated three-dimensional finite element modelling is developed to investigate the track response subjected to train moving loads, by considering actual characteristics of track geomaterials including non-linearity and plasticity. The results are compared with the simpler elastic modelling response, and the practical implications are discussed.
Introduction
The design of ballasted railway track foundations requires an accurate estimation of the thickness of granular layer (i.e. combined thickness of ballast and sub-ballast), so that it can provide an adequate protection against any possible track failure that might be caused by the repeated dynamic action of trains. The basis for design of track foundations used by most available methods is to calculate the minimum granular layer thickness that allows the transmission of imposed train loads at a tolerable stress on top of the subgrade layer. This means that a reliable estimation of the subgrade stress caused by train moving loads is a key element in the calculation of the granular layer thickness.
Several empirical and simplified theoretical methods have been proposed in the literature to calculate the granular layer thickness. These include the American Railway Engineering Association (AREA) manual [1]; Canadian Modified Method suggested by Raymond [2] ; Japanese National Railways developed by Okabe [3] ; British Rail method proposed by Heath, et al. [4] ; UIC 719 R method offered by the International Union of Railways [5] , and Li-Selig's method developed by Li and Selig [6, 7] . These methods are based on stress analysis under oversimplified loading conditions, using static loading that cannot fully capture the dynamic impact of train moving loads, which is a serious shortcoming. However, when a train runs along a track, the ballast and soil elements become subjected to complex loading condition, including the principal stress rotation [8, 9] . Accordingly, the train moving loads (i.e. cyclic loading with principal stress rotation) may affect the material stiffness and degree of cumulative plastic strain [10] [11] [12] . Moreover, most of the current design methods assume linear elastic behavior for geomaterials, which are generally nonlinear in nature and may incur plasticity, especially for the ballast layer nature [13] . Most methods also ignore the deformation of the granular ballast layer.
In this paper, the dynamic response of track-ground system subjected to train moving loads was investigated for some design aspects of ballasted railway track foundations, including the validity of the simpler linear elastic behaviour of track geo-materials compared to the more realistic nonlinear elastic and elastoplastic simulations. The current study is carried out using an advanced three-dimensional (3D) finite element (FE) numerical model that was previously developed by the authors [14, 15] and validated against field measurements data.
Numerical Modelling Approach
The 3D FE model performed in the current study is depicted in Figure 1 , using the commercial software package Midas-GTS [16] . The track dimensions considered were 80 m long, 36 m wide and 7.5 m high. The rail was modelled using one-dimensional (1D) I-beam section running across the track length. A UIC-60 section was assumed for the rail, which was fixed to the sleepers by rail pads characterized by an elastic link (spring-like) element of stiffness equal to 100 MN/m. All other track components (i.e. sleeper, ballast and subgrade) were characterized using 3D solid elements. A total of 133 sleepers were placed along the rail at spacing of 0.6 m. In the FE dynamic analyses, the finite element size, model boundaries and time step have to be selected carefully to ensure the accuracy of the results [17] . In general, the element size of the FE model is usually estimated based on the smallest wave-length that allows the high-frequency motion to be simulated correctly. Accordingly, the sizes of the 3D FE model components used in the current study were taken as: 0.167 × 0.137 × 0.2 m, 0.2 × 0.2 × 0.2 m, and 0.6 × 0.6 × 0.6 m for the sleepers, ballast and subgrade, respectively. Hence, the track FE mesh was consisted of 700,200 nodes and 115,000 elements. The vertical boundaries of the FE model were connected to viscous dampers to absorb the incident S-and Pwaves, and to represent infinite boundary conditions [18, 19] . The nodes at the bottom boundary were fixed in every direction to simulate bedrock. The material damping of the FE model was characterized by the mass and stiffness proportional coefficients, normally referred to as the Rayleigh damping, which is commonly used in the dynamic analyses.
The train geometry and standard axle loads used in the FE model were selected to be for the X-2000 HST [20] , as shown in Figure 2 . The train moving loads were modelled in accordance with Araújo [21] in which the rail FE nodes, which are rigidly connected to the sleepers via pads, were subjected to a wheel load (denoted as loading nodes) whose value changes in time (note that the spacing between any two loading nodes is 0.6 m). As schematically shown in Figure 3 , the train moving loads can be thought of as triangular pulses distributed among three nodes. The wheel load, F, at one certain loading node, N+1, increases once the wheel leaves node N, reaching a peak value when the wheel is directly above node N+1, then finally decreasing back to zero when the wheel reaches the next node N+2. As a result, the triangular pulse moves from one node to another by a time interval equal to the spacing between the loading nodes divided by the speed, C, of the moving train. In this fashion, a series of train wheels was considered to be moving along the track. During simulation of the train moving loads, the time step was selected based on the well-known Courant-Friedrichs-Lewy condition [17] . All FE analyses were performed in the time domain, which is more natural to reproduce the transient phenomenon of wave propagation [22] . 
Effect of Ballast nonlinearity and Plasticity
As mentioned earlier, the resilient behaviour of track geomaterials is usually assumed to be linear elastic, although these geomaterials are mostly non-linear and may incur plasticity, depending mainly on the applied stress level. Elastic modelling can be used to estimate the behavior of materials within a small strain level, but it is incapable of predicting the material behavior for stresses that exceed the yield limit or at higher strain. Consequently, use of linear elastic geomaterials might not appropriate and can lead to misleading results [23] . In this section, the effect of nonlinearity and plasticity of ballast on the track dynamic response was investigated in terms of the time history of stress and deformation, for locations where two consecutive bogies of the X-2000 HST are passing.
The impact of ballast elastic nonlinearity and plasticity on the stress and deformation behavior of the track was investigated using three different constitutive models. This includes a linear elastic (LE) model; hyperbolic Duncan-Chang (DC) non-linear elastic (NLE) model [24] ; and an elastoplastic Mohr-Coulomb (MC) model. The rail, sleepers and subgrade were modelled as linear elastic materials. The linear elastic properties of ballast and other track materials are given in Table 1 , whereas the ballast plastic and nonlinear elastic properties are given in Table 2 . The locations of the selected elements under analysis are shown in Figure 4 . Figure 4 ) obtained using different ballast constitutive models. It can be seen that, in general, the elastoplastic MC model resulted in slightly higher vertical deflections than those of both the linear elastic and non-linear elastic models. Similarly, Figures 6 and 7 show the time history of vertical stress (σz) and deviatoric stress (q) at Points A to D (see Figure 4) , considering different ballast constitutive models. It can be seen that at some locations, the MC model gives slightly higher vertical and deviatoric stresses than the other two elastic models. This is attributed to the different load transfer from the sleepers to the ballast layer achieved by the different constitutive models.
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Effect of Subgrade Nonlinearity and Plasticity
The impact of elastic nonlinearity and plasticity of the subgrade soil on the dynamic response of track was also investigated by simulating the subgrade soil using three different constitutive models (i.e. LE, NLE and MC). The rail and sleepers were modelled as linear elastic materials, whereas the ballast was modelled as elastoplastic Mohr-Coulomb material, which represents more actual characteristics for behavior of track granular media. The elastic properties of all track materials are previously given in Table 1 , whereas the plastic and nonlinear properties of ballast and subgrade are summarized in Table 3 . Figure 8 shows the time history of vertical deflections for Points A and B (see Figure 4) considering the three different constitutive models of subgrade soil. The results show that the subgrade nonlinear model resulted in slightly higher vertical deflections than those obtained from both the linear and elastoplastic models. As found by Sayeed and Shahin [15] , the consideration of linear elastic and nonlinear elastic behaviour of geomaterials do not yield a significant variation in terms of the vertical sleeper deflections, particularly in case of stiff subgrade. So, it can be Similarly, Figures 9 and 10 compare the time history of vertical stress (σz) and deviatoric stress (q) obtained using different subgrade constitutive models at Points E to H designated in Figure 4 . It can be seen that the time history of vertical and deviatoric stresses are almost identical at all subgrade locations under analysis. These results demonstrate that the linear elastic model underestimates the stresses in the ballast layer; however, it can estimate the stresses in the subgrade soil reasonably well. Nonetheless, the linear elastic model still can be used to estimate the overall track response, as it requires significantly less computational time. For instance, in this study, a computer with processor Intel(R) Core™ i7-4770 CPU @ 3.40 GHz and 16 GB RAM was used. The simulation duration for the linear elastic as compared to either the nonlinear elastic or elastoplastic analyses were about 1.5 and 18 hours, respectively.
Summary and Conclusions
In this paper, an advanced three-dimensional finite element numerical modelling was performed to investigate the impact of some design aspects of ballasted railway track foundations on the track dynamic response subjected to train moving loads. The validity on the simpler linear elastic behavior of track geomaterials for ballast and subgrade were compared to the more realistic nonlinear elastic and elastoplastic models. It was found that the linear elastic model can provide practically good overall track response close to the nonlinear and elastoplastic models. It was also found that Mohr-Coulomb elastoplastic model gives slightly higher stresses in some locations of the ballast layer compared to other models, but similar results for the subgrade layer. However, the linear elastic model required substantially lower computational time, as expected. Based on the results obtained, it is believed that the elastoplastic model of ballast and linear elastic model of subgrade provide reasonable outcomes and can thus be used in design of ballasted railway track foundations. 
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